Introduction
Seed dispersal is the main process linking spatial patterns of parent plants and their descendants (Harper, 1977; Schupp and Fuentes, 1995; Nathan and Muller-Landau, 2000) . To examine the consequences of seed dispersal for patterns of plant recruitment, the spatial patterns of dispersed seeds must be quantified and their determinants understood (Nathan and Muller-Landau, 2000) . A powerful framework towards this end is a combination of theoretical models and fieldwork (Okubo and Levin, 1989; Nathan and MullerLandau, 2000) .
Wind is a common dispersal agent of seeds, especially of temperate and boreal trees (Howe and Smallwood, 1982; van der Pijl, 1982) . Early mechanistic models of seed dispersal by wind have recently been extended to a broad array of species and systems (reviewed in Nathan et al., 2001) . However, while our understanding of the mechanisms of seed dispersal by wind continues to improve, fundamental issues remain largely unexplored. In particular, it is well known that the roughness structure of the ground surface strongly affects wind conditions at the 'surface layer' (the lower part of the 'atmospheric planetary boundary layer' (Oke, 1987; Stull, 1988) ), where seed dispersal mostly takes place. Thus, landscape structure can strongly influence deposition patterns of wind-dispersed seeds. For example, it has long been suggested that tree-fall gaps act as sinks for wind within and over a forest and therefore should receive a disproportionate number of wind-blown seeds (Augspurger and Franson, 1988; Schupp et al., 1989) . Overall, the suggested mechanisms and the predictions about spatial distributions of wind-dispersed seeds remain relatively unexplored.
Only two mechanistic wind-dispersal models have explicitly incorporated landscape structure: a model of seed dispersal from a forest into a clearing (Greene and Johnson, 1996) , and one of secondary dispersal on snow (Greene and Johnson, 1997) . No comparison has yet been made between the predicted distributions of dispersal distances under different landscape structures. Yet such comparisons are important for assessing how dispersal may determine recruitment in different environments.
In this study we compare wind dispersal of tree seeds in two distinct landscape structures: dense forests and trees scattered in an open landscape. These two environments differ greatly in wind conditions. The characteristic wind profile, which describes mean horizontal wind speed at different heights, is typically logarithmic over low vegetation in open landscapes and exponential within dense forests (Kaimal and Finnigan, 1994; see Methods; Fig. 5.1) . Winds in open landscapes are typically stronger than winds within dense forests. Moreover, the different shape of the wind profiles implies that seeds dispersed in open landscapes encounter relatively strong horizontal winds over a much wider vertical range during their flight than seeds released from a similar height within dense forests. This can be illustrated by comparing the length of the arrows indicating the horizontal wind speed in the two profiles in Fig. 5 .1. Thus, everything else being equal, the distribution of the dispersal distances is expected to be more limited in dense forest than in open landscapes. We shall examine this prediction with two mathematical models of seed dispersal by wind that differ only in the shape of the wind profile. Then, we shall apply and test the model's predictions against extensive seed-trap data collected in an isolated stand of Aleppo pine (Pinus halepensis Mill.) in Israel. In particular, we compare fits of the two models for dispersal data collected within versus outside the stand, expecting the model that incorporates the exponential profile to perform better within the stand, and the one that incorporates the logarithmic profile to perform better outside the stand.
Methods

Wind-dispersal simulations
The logarithmic wind profile has already been implemented in a mechanistic wind-dispersal model (Sharpe and Fields, 1982) and in WINDISPER . WINDISPER simulates the temporally and spatially explicit and in dense forests, as modelled in WINDISPER-E. In both landscape types, the horizontal component of seed flight is determined by the horizontal wind speed (U), and the vertical component by the terminal velocity (F), i.e. the constant rate of seed fall in still air, and the vertical wind speed (W). The two landscape types differ in the vertical wind profiles describing the change in U with height (z) above the ground surface. A logarithmic profile is typically observed in open landscapes above short vegetation, characterized by the roughness length (z 0 ) and the displacement height (d), where d + z 0 is the height at which U = 0. An exponential profile is typically observed within a forest below the canopy height (H c ).
dynamics of seed dispersal by wind by incorporating stochasticity in all operative factors. Using the same modelling approach, we introduce here a new mechanistic model to describe the dispersal of seeds by wind within dense forest canopy. We call this model WINDISPER-E ('E' indicates the use of an exponential wind profile). For consistency, we refer to the original model, WINDISPER, as WINDISPER-L ('L' indicates the use of a logarithmic wind profile). We emphasize that the general structure of the two models is identical; they differ only in the wind profiles used.
In the following three subsections, we first describe the general modelling approach and the main assumptions. In the second subsection, we briefly summarize the original model (WINDISPER-L); we refer readers to Nathan et al. (2001) for a complete description of this model. The third subsection describes the new model (WINDISPER-E) in detail. The main parameters are defined in Table 5 .1.
General modelling approach and main assumptions
In both models, dispersal of individual seeds is simulated in a square grid with 1 m 2 cells representing a simulated landscape. Seeds are dispersed from source (tree canopy) cells and can be deposited in any cell depending on the dispersal direction (R) and the dispersal distance (D). The dispersal direction is randomly selected from the wind directions observed during the simulated period and is assumed to be constant during flight. The dispersal Johnson (1989, 1996) and with site-specific empirical data . § In agreement with site-specific empirical data . || The left and right values refer to the study site and its reference meteorological station of the Israeli Meteorological Service at 'En-Karmel, respectively. distance, defined as the horizontal distance a seed is carried by the wind, can be calculated as
where H is the height of seed release, U is the mean horizontal wind speed during seed flight, F is the terminal velocity of a seed falling in still air and W the mean vertical wind speed during flight, which is negative downward and positive upward. Because wind-dispersed tree seeds typically reach terminal velocity (F) shortly after release, the vertical distance travelled before reaching F (called the relaxation distance) is typically small compared with the vertical distance travelled after F is reached (Guries and Nordheim, 1984; Nathan et al., 1996) . Therefore, we assume that the relaxation distance is negligible. We also assume that W is constant during flight and, to ensure finite dispersal distances, we force it to be smaller than F. Thus, events of seed uplifting are precluded, as we assume they play only a minor role in short-distance dispersal of most seeds (although they may be crucial for long-distance dispersal).
Instead of using the mean horizontal wind speed U as in eqn. 1, the two models incorporate the vertical profile of U, assumed to be logarithmic in open landscapes (WINDISPER-L) and exponential in dense forests (WINDISPER-E). In both models, the parameters that determine U (see below), as well as all the other parameters of eqn. 1, are randomly selected from their measured distribution (Table 5 .1) for each seed dispersed. The horizontal wind speed deterministically decreases during seed fall, as dictated by the respective wind profile. Thus, the models do incorporate variation between different dispersal events, but do not incorporate random fluctuations in the horizontal wind speed during a seed's flight, assuming that these fluctuations do not have a significant effect during the typically short time most seeds remain airborne. We also assume that seeds are released at random in respect of either W or U. We emphasize that these assumptions do not always hold. Rather, we assert that they generally hold for short-distance dispersal. Models of long-distance dispersal, however, will probably require that they be relaxed.
WINDISPER-L -the logarithmic wind profile model
The logarithmic wind profile describes the decline in horizontal wind speed, U, with decreasing height above the surface, due to the surface resistance, as:
where U z is the mean U at height z above the ground; u * is the friction velocity; K is the von Kármán constant (≈ 0.40); and z 0 and d are two roughness parameters, termed roughness length and displacement height, respectively (Stull, 1988) . Equation 2 only applies for z ≥ d + z 0 , below which U = 0 ( Fig. 5 .1). The roughness length scales the amount of drag the ground surface exerts on the wind and is closely related to the average height of the roughness elements, i.e. the plants. Tightly packed plants (e.g. those forming a dense canopy) act as though the surface is located at some height above the real surface. The height of this 'displaced surface' is called the displacement height. These two roughness parameters are not directly measurable physical quantities; they are best determined empirically by measuring U at several heights above a surface and fitting eqn. 2. Recall that WINDISPER-L describes seed dispersal from trees scattered in an open landscape of much shorter vegetation. Thus, its wind profile is assumed to be determined only by the dominant short vegetation, not by the scattered trees ( Fig. 5.1 ). Numerous studies have shown that the logarithmic profile works well in describing the horizontal wind speed above various vegetation types (Stull, 1988; Wieringa, 1993; Kaimal and Finnigan, 1994) . As detailed in Nathan et al. (2001) , eqn. 2 can be incorporated into eqn. 1 to provide the following equation for dispersal distance (D):
WINDISPER-E -the exponential wind profile model
The profile of the horizontal wind speed within plant canopies usually follows an exponential relationship (Cionco, 1965) :
where H C is the height of the canopy top; U H C is U at H C ; and α is the attenuation coefficient (Cionco, 1965) , also called the canopy flow index (Cionco, 1978) . The attenuation coefficient tends to increase with increasing canopy density (Cionco, 1978; Raupach, 1988; Kaimal and Finnigan, 1994) , i.e. the decline in horizontal wind speed from the canopy top (H C ) downwards is most rapid in forests of high foliage and stem density. The exponential profile generally fits observed data well (Cionco, 1978, Amiro and Davis, 1988; Amiro, 1990; Gardiner, 1994; Kaimal and Finnigan, 1994) . One exception occurs when a bare-trunk layer results in a small secondary peak in wind speed at the lower half of the canopy height. This effect does not occur in stands with well-developed understorey vegetation (Amiro, 1990; Gardiner, 1994) . We shall now describe how the exponential wind profile is incorporated in the basic equation of dispersal distance (eqn. 1). As stated above, the vertical wind velocity is assumed to have a constant value, W, during flight. Then D is equal to the distance a seed travels between the time of release (t 0 = 0) and t 1 , the time it hits the ground. Therefore,
where U(t) is U at time t and, following eqn. 1:
i.e. the time until a seed falling at an average velocity (F − W) from height H reaches the ground (z = 0). The vertical position, z(t), of a seed during flight at time t is:
Substituting z(t) from eqn. 7 into eqn. 4 results in:
and integration within the limits of eqn. 5 yields:
Given t 0 = 0 and t 1 as in eqn. 6, eqn. 9 can be simplified to:
Model evaluation
Species and site
Pinus halepensis is a native Mediterranean tree (Mirov, 1967; Barbéro et al., 1998 ) that has been widely introduced throughout the world (Richardson and Higgins, 1998) . Adult trees reach relatively low heights (usually < 15 m) for pines (Nathan and Ne'eman, 2000) . Seed release is stimulated by fire and by Sharav events, which are dry and hot spells of < 1 week, characteristic of the eastern Mediterranean. These events typically occur during spring and autumn and have stronger positive (upwards) vertical wind speeds than other periods (Nathan et al., 1999) . We do not deal here with fire-induced seed release. Pinus halepensis seeds are samara-like structures typical of wind-dispersed pines, with a single asymmetric wing that generates autorotation during fall. The species is considered a very successful colonizer (Acherar et al., 1984; Lepart and Debussche, 1991; Rejmánek and Richardson, 1996) . Isolated individuals have been found several kilometres from a stand (Lepart and Debussche, 1991; R. Nathan, unpublished data) . Most seeds, however, do not attain distances > 20 m from the canopy edge (Acherar et al., 1984; Nathan et al., 1999 .
Of the two study sites described in Nathan et al. (1999 Nathan et al. ( , 2001 , we selected the site at Nir-'Ezyon, on the lower western slopes of Mt Carmel (32°41′ N; 34°58′ E, 116 m altitude) for this analysis because of the larger database and the greater isolation of the focal stand ( Fig. 5.2) . Seed dispersal was monitored by 94 identical seed traps (0.99 m × 0.84 m × 0.15 m, length × width × height) placed in 62 stations within and around the stand. Fourteen stations, each with a single trap, were placed within the stand, half under tree canopies and half in the gaps between the trees. The remaining 48 stations were arranged along eight transects, radiating from the focal stand in the eight main compass directions. Each transect had six stations, at approximate distances of 5, 10, 15, 25, 50 and 100 m from the focal stand. Two traps were placed in each station at 50 m and four at 100 m, to compensate for the increase in area as the distance from the source increased. This design provided 11-16 traps per 10 m annular interval up to 40 m from the nearest tree, and four to eight traps per 10 m interval from 40 to 110 m from the nearest tree.
Seeds were collected from traps regularly between October 1993 and November 1994 (n = 36 collections, mean interval 11 days) and later only during the dispersal seasons (spring and autumn 1995 and spring 1996, n = 34, mean interval 7 days). Wind measurements were taken from the Israel Meteorological Service (IMS) station at 'En-Karmel, 1.5 km south-west of the site. This station is located in an open landscape over short vegetation, in which the wind profile is typically logarithmic. A comparison between contemporaneous measurements taken at the IMS reference station and in the site (outside the stand, Fig. 5 .2) during 32 days in autumn 1995 did not reveal significant differences in wind direction and horizontal wind velocity (Nathan et al., 1999) . We simulate seed dispersal only during the intensive periods of seed release, thus taking into account the particular wind conditions that characterize Sharav events (there were no fires in the study site during the study period). More detailed information on the study site and the procedures for seed trapping and wind measurements are given in Nathan et al. (1999 .
Parameter estimation
Terminal velocity (F ) was estimated by analysing video photos of falling seeds (Nathan et al., 1996) . The height of seed release (H ) was calculated as the product of tree height (TH ) and the proportional distribution of seeds with tree height (PT ), both measured directly in the field . Estimates of vertical wind speed (W ), displacement height (d) and roughness length (z 0 ) were based on wind measurements taken in the study site. The values of d and z 0 , calculated by Robinson's (1962) iterative method as modified by Haenel (1993) , are typical of similar vegetation surfaces (shrubland) surrounding the stand (Wieringa, 1993) . Data on wind direction (R ) and horizontal windspeed (U ) were taken from wind measurements taken in the IMS reference station during the dispersal seasons. As described by Nathan et al. (2001) , u * was assumed to be identical for the Nir-'Ezyon and IMS sites. Thus, from eqn. speed at canopy height (U H C ) was estimated as three times u * . This relationship is extracted from eqn. 2, given the empirically based approximation that d and z 0 equal roughly two-thirds and one-tenth of the canopy height, respectively (Oke, 1987) . Because wind was not measured within the stand, we used the association with stand density (larger values characterizing stands with denser canopy (see Methods: WINDISPER-E)) to select the attenuation coefficient (α). Reported values of α for forest canopies range from 1.7 to 4.8 (Cionco, 1978; Pinker and Moses, 1982; Amiro and Davis, 1988; Amiro, 1990; Mursch-Radlgruber and Kovacic, 1990; Kaimal and Finnigan, 1994; Su et al., 1998) . We selected a relatively low value, α = 2.0, for our site because our pine stand was relatively small and sparse.
Model validation
We use the proportions of seeds at each seed-trap station relative to the total number of seeds counted in all seed traps (corrected for differences in the number of traps between sampling stations) as a descriptor of the spatial pattern of dispersal. The dispersal data collected in Nir-'Ezyon during autumn 1993 and spring 1994 were used to estimate the temporal pattern of seed release, and the predictions of the two models were tested for the remaining four dispersal seasons. We also test the model's prediction for two partial sets of seed-trap stations within (0-20 m from the nearest central location of a tree) and outside (20-110 m) the focal stand ( Fig. 5.2 ). The areas covered by the two sectors were 28,644 and 48,736 m 2 , with 23 and 39 stations (23 and 71 seed traps), respectively.
For statistical validation of predicted vs. observed data, we apply linear regression analysis testing for zero intercept and slope = 1. Square root transformation corrected heteroscedasticity and non-normality of both predicted and observed data. The coefficient of determination (R 2 ), measuring the proportion of explained variance, was calculated as the squared multiple correlation coefficient (SMCC) between the response and the predictor variables, and also by the method of Kvålseth (1985) for situations in which the variables were transformed (see Sokal and Rohlf, 1995, p. 538) . We also report the mean squared error of prediction (MSE) as a measure of predictive accuracy (Wallach and Goffinet, 1989) .
Results
Predicted distance distributions
For each model, we randomly selected 1,000,000 dispersal distances calculated during an ordinary model run. Simulations of WINDISPER-E were repeated for values of the attenuation coefficient (α) other than the chosen value (α = 2.0), covering the range reported in the literature. All distance distributions are both positively skewed and leptokurtic, with the mode just a few metres away from the point of release (Fig. 5.3 , Table 5 .2). However, the distributions generated by the two models differ markedly in their shape at very short distances (Fig. 5.3) . WINDISPER-L generated markedly larger dispersal distances, as indicated by all summary statistics (Table 5 .2). Even very sparse forests (α = 1.0) generated distance distributions that were much more shifted towards the source than those generated by isolated trees in open landscapes. Very dense forests (α = 5.0) produced very restricted seed shadows, with 99% of the seeds travelling less than 2.7 m (Table 5 .2). Note that the kurtosis value does not accurately reflect the fatness of the distribution's tail because it is influenced by the proportions of the dispersal distances, not only at the tail but also near the source, in relation to the shoulders.
Field validation
The model's predictions of the proportions of seeds dispersed to a seed-trap station fit the empirical data sets reasonably well (Table  5. 3). For the entire study area (all seed-trap stations), the 95% confidence limits (CL) for the regression slopes are narrowly distributed around unity in all cases. The CL for the intercepts are narrowly distributed around zero (for all WINDISPER-L simulations) or are slightly larger than zero (for some of the WINDISPER-E simulations). The model's predictions accounted for 83-90% of the variation in the observed data for WINDISPER-L and for slightly higher percentages (87-94%) for WINDISPER-E. The maximum absolute error in the model's predictions for the proportions of seeds in a seed-trap station was low (< 0.2%; Table 5 .3).
The model's predictions for the area defined as 'within' the focal stand (see Methods: Model validation) also fit the empirical data set collected between autumn 1994 and spring 1996 (Table 5. 3). As for the entire data set, WINDISPER-L exhibited better performance for the hypotheses assuming unity regression slope and zero intercept, while the predictions of WINDISPER-E accounted for a higher percentage (90% vs. 81%) of the variance in the observed data. The performance of both models is considerably lower for the area defined as 'outside' the focal stand, with WINDISPER-L explaining a slightly higher percentage (59% vs. 57%) of the variance in the observed data.
Discussion
How does landscape structure affect seed dispersal?
Variation in seed dispersal has critical implications for the population and community dynamics of plants (Harper, 1977; Howe and Smallwood, 1982; Schupp and Fuentes, 1995 ; Kvålseth's (1985) method. ‡ Validation of model's predictions for the total data set, and for the sectors within and outside the focal stand, separately. Table 5 .3. Statistical validation of model's predictions (means of 50 independent model runs) of the proportion of seeds dispersed to a seed-trap station against observed data. Both predicted and observed data are square-root-transformed. Nathan and Muller-Landau, 2000) . Major sources of variation include internal (parentcontrolled) factors, such as seed morphology and height of release, and external factors that influence the performance of the dispersal agent(s). The structure of the landscape affects wind flow and thus can determine the spatial dynamics of wind-dispersed species inhabiting diverse habitats. In particular, the wind profile experienced by a tree seed during flight typically has an exponential shape within dense forests and a logarithmic shape above short vegetation in open landscapes. We found a significant difference between the distributions of dispersal distances generated in the two landscape types -dispersal distances in dense forests are considerably shorter than in open landscapes. A review of seed dispersal in dipterocarps in South-East Asia reached a similar conclusion based on empirical studies (Tamari and Jacalne, 1984) .
Short-versus long-distance dispersal
In general, most seeds are dispersed over short distances; only a few travel far from the source (Cain et al., 2000) . Although both short-and long-distance dispersal can be generated by stochastic effects, these types of dispersal often result from different mechanisms (Nathan and Muller-Landau, 2000) . Moreover, the implications for recruitment after shortdistance dispersal could be fundamentally different from those after long-distance dispersal. We therefore need to distinguish between the effects of landscape structure on short-and on long-distance dispersal, although the distinction between the two is not sharp. Using tree height as a qualitative criterion traditionally used by foresters (see Bullock and Clarke, 2000) , one can refer to the scale of up to a few tree heights (a few tens of metres for P. halepensis), where most seeds are deposited, as short-distance dispersal, and the scale of tens of tree heights (hundreds of metres for P. halepensis), where only very few seeds are deposited, as long-distance dispersal. Our results show that such a rough criterion can be misleading, since trees of the same height can generate considerably different seed shadows in different landscapes. For example, the distance travelled by 99% of the seeds can vary between almost 200 m (22 times the measured mean tree height) and less than 3 m (less than a third of the measured tree height), depending on the landscape type (Table 5 .2).
We developed the two models to describe short-distance dispersal. Extrapolation to longdistance dispersal is inappropriate because five basic assumptions become unrealistic when larger spatial and temporal scales are considered. First, it is assumed that a seed flies in a straight line in the selected wind direction. Secondly, seed release is assumed to be independent of wind speed; however, seeds may typically be released in higher-thanaverage wind speeds (Greene and Johnson, 1992) . Thirdly, the roughness parameters of the two wind profiles are assumed to be constant in time and space. Fourthly, variation in U and W (the mean vertical wind speed) during individual flights is not considered. Fifthly, and most importantly, for each dispersal event, F (the seed falling velocity in still air), is constrained to be larger than W; thus seed uplifting, a process critical for long-distance dispersal (Greene and Johnson, 1995) , is not taken into account. Accordingly, our tests have shown that both models explain short-distance dispersal considerably better than long-distance dispersal.
Seed dispersal under different wind profiles: small-scale implications
Short-distance dispersal of the vast majority of the seeds generates a small-scale pattern that has critical implications for local recruitment ( Janzen, 1970; Connell, 1971; Schupp and Fuentes, 1995; Nathan and Muller-Landau, 2000) . A basic feature of this pattern, the rapid decline in seed densities with distance from the source (Harper, 1977; Willson, 1993) , leads to strong sibling competition and intensive seed predation in the vicinity of adult trees ( Janzen, 1970; Connell, 1971) . Because dispersal distances are considerably shorter within dense forests than in open landscapes, Janzen-Connell effects are likely to be more powerful in forests. This is amplified by differences in fecundity. But, even without differences in fecundity, overlapping seed shadows in forests are likely to generate much higher seed densities close to adult trees than in open landscapes. Moreover, the high seed densities within forests could reach a level at which predators become satiated, hence increasing seed survival (Janzen, 1971) and favouring selection for reduced dispersal distances. Strong Janzen-Connell effects and especially predator satiation effects are less likely in open landscapes. Overall, evaluation of the potential implications of the restricted dispersal distances within forests requires data on fecundity, dispersal and seed survival. Our models could help to estimate the effects of fecundity and dispersal and to guide experimental studies on seed survival.
Seed dispersal under different wind profiles: large-scale implications
The critical importance of seed dispersal for various post-dispersal processes at the local (small) spatial scale has long been recognized (Harper, 1977; Howe and Smallwood, 1982) . Recently, studies have emphasized the disproportionate importance of long-distance dispersal in determining large-scale patterns, such as spatial spread, gene flow and metapopulation dynamics (Kot et al., 1996; Clark et al., 1998; Cain et al., 2000; Nathan, 2001) . Although application of our models to longdistance dispersal would require relaxation of some basic assumptions, we can still suggest which landscape type favours long-distance dispersal. Seeds dispersed by wind in open landscapes travel much further than those dispersed within a forest, due to differences in the shape of the wind profile. Accordingly, the exponential profile better fits dispersal data within a forest, while the logarithmic profile does better outside the stand. Furthermore, dense forests and open landscapes differ not only in the shape of the wind profile but also in the absolute wind velocities; winds in open landscapes are typically stronger (Stull, 1988) and produce greater dispersal distances. This difference is further amplified by the typically stronger wind up-draughts above rather than within a plant canopy (Stull, 1988; Kaimal and Finnigan, 1994) : stronger horizontal winds generate stronger shear-generated up draughts. Buoyancy-generated up-draughts (thermals) are also more frequent in open landscapes (Stull, 1988) .
Because of the predominance of better wind conditions for long-distance dispersal in open landscapes, isolated trees or trees at the forest edge could be important for tree spatial spread, gene flow and metapopulation dynamics. This supports the notion that long-distance dispersal events can generate 'great leaps forward' that determine population spread (Mollison, 1972; Kot et al., 1996; Clark et al., 1998) . However, the effect of landscape structure on population spread depends on multiple factors, including the relative fecundity of isolated versus forest trees, on the transition between the logarithmic and exponential models and on the relative probability of seed survival to adulthood in different landscapes.
Prospects for future research
We show that mechanistic understanding of the physical and biological conditions affecting seed dispersal by wind at small scales can be translated to simple tools that reliably predict the dispersal of most seeds at a spatial resolution of 1 m 2 . However, questions on how landscape structure affects dispersal will require consideration of wind-dispersal mechanisms acting at large scales, too. In the absence of field data on long-distance dispersal (Cain et al., 2000) , models are even more important for speculating about largescale processes. Indeed, models may help in the design of experiments, which may increase the likelihood of observing intrinsically rare events. Mechanistic models of long-distance dispersal can enhance the recent progress in predicting seed-dispersal patterns over large scales through phenomenological models (Kot et al., 1996; Clark, 1998; Clark et al., 1998 Clark et al., , 1999 Higgins and Richardson, 1999) . This is because only mechanistic models provide the means for generalization beyond the studied systems and yield insights into the main operative factors (Okubo and Levin, 1989; Nathan and Muller-Landau, 2000) . Thus, they allow examination of other puzzles: for example, how winds behave (and carry seeds) in the transition between the forest and open fields and whether the biological parameters of dispersal (e.g. height of release and seed terminal velocity) also vary with landscape type. Answering these questions will necessitate integration of models and empirical studies and will require creative solutions to challenges imposed by the complicated and yet important aspects of long-distance dispersal (see Greene and Johnson, 1995; Bullock and Clarke, 2000) . Further, given the success of mechanistic models in predicting wind dispersal (Nathan and Muller-Landau, 2000) , we need to develop a comprehensive mechanistic approach for seed dispersal by animals and by other agents.
